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Chapter l･ General introduction
piezoelectric materials play an impo舶nt role in electrical devices such as actuators, accelerators, ultrasonic
generators, pleZOelectric transducers, sensors, et al･ Lead-based piezoelectric ceramics have been widely used in
modem pleZOelectric devices because of their excellent pleZOelectric properties･ However, the use of lead causes
environmental problems due to its toxicity･ It is now necessary and imperative to develop environment-friendly
lead-free materials to replace the lead-based ceramics and various studies have been performed to exploit other
new lead-free pleZOelectric materials, to improve the properties of the old ones and to optlmize the reaction
conditions and experimental facilityl
tt was also estimated that Sn(tI) titanate shows excellent ferroelectricitysimilar to Pb(TT) titanate by first
principles calculations･ However, Sn(lI) titanate cannot be obtained via conventional ceramic processing routes
because of the disproportionation reaction of Sn(IT) to Sn and Sn(IV) at high temperaturesI To solve this problem,
a microwave-assisted solvothemal process was used to realize the low temperature synthesis of Sn(ⅠⅠ) compound･
Ba,ium titanate (BaTiO,) is a well-known lead-free dielectric and piezoelectric material･ At lower
temperature, cubic phase BaTiOj is generally synthesized, but tetragonal phase is the-Odynamically stable at
room temperature and most widely used due to its excellent ferroelectric, pleZOelectric and thermoelectric
properties･ Thus, direct synthesis of BaTiO3 in tetragonal formby hydrothermal process is of considerable interest.
Recently, it has been reported that the composite-hydroxide-mediated approach is widely applicable for the
synthesis of complex oxide nanos加ctures･ This method is based on a reaction of metal salts andノOr metal oxides
in a potassium hydroxide and sodium hydroxide eutectic melt at around 200oC in no-al atmospheric conditions
without uslng an Organic dispersant or capplng agent･ To promote the d瓶lSion or chemical species fわr a higher
reaction rate as well as the unifb-ity or the product, a novel hydrothe-al reaction apparatus with a rolling
system was used in this work･
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onthe other hand, since it isknown that the dielectric and piezoelectric properties of BaTiO3 Can be changed
by doping with metalions such as Sr2+, ca2+, etc･･ it may be expected thatthe dielectriCand piezoelectric
propedies of BaTiO3 Can be modirled by doping withSn2+ possesslng lone palr electron like Pb2+, therefore, tin-
doped MTiO, (M-Ca,Sr,Ba) ceramics were tried to be synthesized in this paper･
chapter 2･ Synthesis and characterizatiotL Of a beWtin(ⅠⅠ)titanate
Most tin compounds consist of Sn(IV), but it is interesting inthe physicoIChemical properties of Sn(II)
compounds･ However, it is difficult to synthesize
sn(ⅠⅠ) compound by the conventional ceramic
route due to the disproportionation reaction or
sn(II) to Snand Sn(IV) at high temperature･ To
solvethis problem, inthe present study･ a
microwave-assisted hy血othemal reaction or
Ti(OC3H7)4-SnF2-C3H70H-H20 mixed solution
was used to realize　the low temperature
synthesis of a new Sn(II) compound･
The sample prepared around pH 2 consisted
of nano以yStals ca･ 20 nm in diameter and a
slngle phase of cubic pyrochlore s加仙re･ In the
TG_DTA curves in alr, a mass increase was
observed at about　375oC, which should be
a血buted to the oxidation of Sn2+ to sn4+
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Fig. 1. The crystal structure of Snt.24Til.9403.66(OH).･50Fl 142･
above 4000c may be due to the elimination of water and/Or F element･ The quantitative EDXanalysis gave a
molar ratio of Snrri of 0.7:1. These results suggestedthatthe sample containsa significant amount of Sn
vancancy and OH and/or F replacing O･ Combining withthe ICP･ infrared absorptlOn and elementary
microanalysisand Rietveld analysis･the chemical composition and space group of this new compound were found
to be expressed as Snl.24Til.9403.66(OH)1･50Fll42 (Sn: 41･9･ Ti: 26･4･ 0: 23･5･ H: 0･4･and F: 7･7 in mass%) and Fd-
3m (a - 10.3777(7) A ), wherethe crystal structure could be illustrated as shownin Fig･ ll It decomposed into a
mixture of anatase-typeandrutile-type Sno39Tio･6102 at around 400oC･ A single phase ofrutile-type Sno･39Tio･6102
(tetragonal a - 4･6805(6), C = 3･0961(4) A, space group P42/mnm) having a grain size of about 100 nm, could be
obtained by heating Sn..2.Til.9403.66(OH)I.50Fl.42 at 800oC･
The hydrothermal hot-presslng lSaneffective solidirlCation method for inorganic powders in a short time at a
relatively low temperature below 3000C by applying higher pressure withsaturated vapor pressure･
snl.24Til.9403.66(OH)1.50Fl.42 Ceramics body withthe relative 'densityabove 90% could be obtained at 270oC
-95-
80MPa f♭r 2 h using the powder containing 20 wt･% water･ Since the samples showed various colours, they may
be promislng Candidates fわr new inorganic plgmentS･
chapter 3･ Synthesis and characterization or Sn2'doped (Sn2'and Zr4'Codoped) barium titanate
After dissolving BaCl, (SrCl2, CaC12), SnC122H20, and Ti(i-C3H70)4, (ZrO(NO3)2･2H20) in i-propanol
aqueous solution, the solution was heated in a microwave oven or an electric oven with rolling to synthesize Sn2+-
doped MTiO3 (M-Ca, Sr, Ba) and Sn2+ and Zr4+ Codoped MTi03 (M-Ca, Sr, Ba)･ The single perovskite phase of
Ml_XSnxTiO3 and Ml_XSnxTi..48Zr｡ 5203 (M-Ca,Sr,Ba, X-0.0, 0.1, 0.2) were obtained at 2000C with concentration
or KOH or 2.0 M. It was obseⅣed that也e sample prepared by the conventional solvothe-al reaction f♭r 12h
showed smaller weight loss on heating than that by microwave-solvothermal reaction for lh, where the weight
loss is maybe due to the incorporation of OH group ln the lattice･ The particle size of the Sn2+-doped BaTiO3
powders obtained uslng microwave-solvothermal reaction, 40-60nm, was smaller than that obtained uslng
conventional solvothemal reaction with rolling, 40-140mm･ All of the obtained samples consisted or spherical
nanoparticles and the particle size increased with increaslng the amount of doped Sn2+･
The powders were calcined at soo℃, sieved with the 90岬I mesh, then pressed as pellet uslng uniaxial
presslng fわllowed by a cold isostatic pressing method･ The pellet was sintered at 1200oC fわr 5h to obtain dense
ceramic body. The dielectric constant of the sample increased by doping with a small amount or Sn2十(X≦o･05), but
decreased by doping ln excess amounts Of it･
chapter 4･ Synthesis and characterization of barium titanate by a novel composite hydroxide mediated
approach
A mixture of anhydrous hydroxides (NaOH/KOH molar ratio-5 1 ･5/48･5) and starting materials (BaC12/TiO2
molar ratio-1 ) Were treated using a novel hydrothemal reaction apparahs with rolling system at 200oC～240oC f♭r
different times to synthesize high puritytetragonal BaTiO3･ With an increase in the treatment temperature from
200 to 240oC, the crystal structure of BaTiO3 ChangedfrOm metastable cubic to tetragonal･ The size of BaTiO3
particles was controlled by adjusting the molar ratio of starting materials (BaC12) to mineralizer (KOH + NaOH)･
The mean particle diameter decreased from 500 nm to 50 nm with decreasing the (BaC12+TiO2)/PaOH+KOH)
molar ratio from 0.44 to 0.04. Comparing with the commercial BaTi03 Particles (400-600 nm), the prepared
BaTiO3 Particles exhibited less particle size and regular cubical shape･ The optimum molar ratio of
(BaCl2+TiO2)/叩aOH+KOH) was deteremined as 0.22 due to the smaller particle size, uniform morphology and
narrower size distribution･ The powders with average diameter of 150 nm could be sintered to nearly full
theoretical density at much lower sintering temperature of 1200oC fわr 5 h than血at or commercial powder (Sakai
chemical BT-05). The obtained ceramics presented high dielectric constant (9500) at the Curie temperature･
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sinterlng additive and twoISteP Sinterlng technique were used to perform low-temperature sinterlng･ The
samples sintered at 1200C for 5h with O･3 wt% ofLi2CO3 and O･04 wt% ofV205 aS a Sinterlng additive exhibited
the beuer sintering density and excellent dielectric propenies in the optimum (BaC12+TiO2)/(NaOH+KOH) molar
ratio of 0.22 due to the smaller particle size, uniform morphology and narrower size distribution･ Samples sintered
uslng 1 1 00-1 200oC twoISteP Sinterlng and 1 200oC one-step sinterlng Show similar dielectric propeniesI
Table 1 Density, grain size, dielectric and piezoelectric propenies of the BaTiO3 Sintered by the one-step sintering
( 1 200/5) without and with various sintering additives･
Prepared BaTiO3 commercial BaTiO3 (CちT)
2A Li2COj CuO Coo NiO　　　2A Li2CO3
Density/cm13　5192　5187　5･77　5･84　5･68　5･69　5･39　5･78　5･88
6313/go(-) 1668 1274 1401 1607 1912 1969 3081 1074 1078







qm(-) 584　749　266 1083　261 491 123　221 624　492 197　Can't
kp(-)　0･29　0･38　0･31 0･38　0･29　0･04　0･18　0･34　0･29
sF-.(pm2/N) 8･0　7･9　7･5　711 10･2　8･7 17･2　7･3　5･9
k31(-)　0･19　0･21 0･18　0･17　0･15　0･09　0･13　0･20　0･14
d31bC爪r) 6819　6712　57･0　6010　6214　30･3　46･9　59･0　32･3








･2A: 0.3wt%Li2CO3+0･04wt%V205; GZ: grain size
chapter 5･ Summary and Conclusion:
Nanopa什icles of a new compound, Snl･24Ti"403 66(OH)1 50F1 42, Were Obtained and the crystal structure was
detemined as a single pyrochlore phase with a space group of Fdl3m (a - 1013777(7) A ) using a microwave
assisted solvothermal reaction. The sample was densifled by a hydrothermal hot pressing teChnique･
Nanoparticles of Sn2･-doped MTiO3 (M-Ca, Sr, Ba) and Sn2+ and Zr4'Codoped MTi03 (M-Ca, Sr･ Ba)) Were
obtained as a slngle perovskite phase uslng microwave solvothe-al reaction and conventional solvothe-al
reaction with rolling at moderate temperature･ A little amountDf tin doped in the BaTiO3 (X≦0･05) led to the
increase of dielectric properties, but much more doped tin led to a decrease of dielectric properties.
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High purity tetragonal BaTiO3 powders were synthesized by a composite-hydroxide一mediated approach using
a hydrothermal reaction apparatus with rolling system. The size of BaTiO3 Particles was controlled by adjustlng
(BaCl2+TiO2)/(NaOH+KOH) molar ratio. The low temperature sintering was conducted on the prepared samples･
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論文審査結果の要旨
超音波振動子､セラミックスアクチュエータ等の多くの電子機器において圧電セラミックスが使用されてお
り､チタン酸ジルコン酸鉛等の垂訓ヒ合物が主に使用されている｡環境陳全･安全性の観点から非鉛圧電材料-
の代替えが求められているが､非鉛圧電セラミックスの圧電特性は金斜ヒ合物と比較して低く､特性の大幅な改
善が必要である｡なお､積層セラミックスアクチュエーターでは､金属電極との一体焼結が行われており､電
極材の値段が製造コストのほとんどを占めることから､安価な電極材の使用を可能とする低温焼結圧電セラミ
ックスの開発が望まれている｡
本研究は､鉛(ⅠⅠ)と類似の電子構造を有し､優れた圧電特性の発現が期待されているが通常の固相反応では
合成できなかったスズ(ⅠⅠ)のチタン酸塩や､非鉛圧電セラミックスとしての利用が期待されるチタン酸バリウ
ムおよびスズ(ⅠⅠ)ドープチタン酸バリウムの高結晶化度微粒子粉末をソルポサーマル反応により合成する手法
を開発し､焼結特性および焼結体の圧電特性について系統的に調べた研究であり､全編5章よりなる｡
第1章は緒論であり､圧電セラミックス合成法､焼結体の特性などに関する過去の研究を網羅し､その特徴
を述べ､また､重要ながら未解明な事項を列挙し､その上で､本研究の目指す方向とその概要を述べている｡
第2章は､アルコール水溶液を用いるソルポサーマル反応により､新規化合物であるチタン酸スズ(ⅠⅠ)を合
成し､その結晶構造解析を行うとともに､水熱ホットプレスによる低温撤密化､電気化学特性評価を行った結
果を述べており､圧電特性の発現はできなかったが､化粧品用顔料等-の新たな用途を提案している｡
第3章は､アルコール水溶液を用いるソルポサーマル反応により､スズ(ⅠⅠ)ドープチタン酸バリウムナノ粒
子を合成する技術を開発し､チタン酸バリウム粉末の常圧焼結やスパークプラズマ焼結特性および誘電特性と
圧電特性に及ぼすスズ(ⅠⅠ)ドープの影響について検討し､低濃度のスズ(ⅠⅠ)のドープにより誘電特性が向上す
ることを見出している｡
第4章は､溶融NaOH-KOHを用いるソルポサーマル反応によりチタン酸バリウムナノ粒子を合成し､従来のチ
タン酸バリウム粉末より200℃以上低温の1000℃の常圧焼結で撤密化できるチタン酸バリウム粉末の合成法を
開発するとともに優れた圧電特性を示すチタン酸バリウム焼結体作成のための最適焼結助剤組成を明らかにし
た｡
第5章は結論であり､各章の結言を要約している｡
以上､要するに本論文は､才持合圧電セラミックスとしての利用が期待されるチタン酸バリウム基圧電セラミ
ックスの製造において工業的に重要な低温焼結技術を開発するとともに､焼結体の圧電特性に及ぼす諸因子の
影響について系統的に調べた研究であり､環境科学､物質科学の分野の発展に寄与するところ少なくない｡
よって,本論文は博士(学術の学位論文として合格と認める｡
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